Micromechanical communication circuits fabricated via IC-compatible MEMS technologies and capable of low-loss filtering, mixing, switching, and frequency generation, are described with the intent to miniaturize wireless transceivers. Possible transceiver front-end architectures are then presented that use these micromechanical circuits in large quantities to substantially reduce power consumption. Technologies that integrate MEMS and transistor circuits into single-chip systems are then reviewed with an eye towards the possibility of single-chip communication transceivers.
Micromechanical Beam Element
To date, the majority of µmechanical circuits targeted for communication functions have been realized using µmechanical flexural-mode beam elements, such as presented in Fig. 1 with clampedclamped boundary conditions. As shown, this device consists of a beam anchored (i.e., clamped) at both ends, with an electrode underlying its central locations. Both the beam and electrode are constructed of conductive materials, such as doped silicon, or a metal. Although several micromachining technologies are available to realize such an element in a variety of different materials, surface micromachining [11] has so far been the preferred method for µmechanical communication circuits, mainly due to its flexibility in providing a variety of beam end conditions and electrode/anchor locations, and its ability to realize very complex geometries with multiple levels of suspension.
As shown in Fig. 1 , the µmechanical beam element normally accepts two electrical inputs, v e and v b , applied to the electrode and beam, respectively. In this configuration, the difference voltage (v e − v b ) is effectively applied across the electrode-to-resonator capacitor gap, generating a force between the stationary electrode and movable beam given by (1) where x is displacement (with direction indicated in Fig. 1) , and (∂C/∂x) is the change in resonator-toelectrode capacitance per unit displacement (and is negative with the directions indicated in Fig. 1 ). Depending upon the type and frequency of the voltages applied to terminals e and b, this force can be tailored to specify any one of a variety of signal processing functions available to the beam element. A subset of the most useful of these is now summarized in the following sub-sections.
Micromechanical Reference Tanks
With Q's in the thousands and ever-improving thermal stabilities [13] , single vibrating µmechan-ical beam elements are good candidates for use as frequency-setting tanks in reference oscillator applications. When used as a tank or filter circuit (as opposed to a mixer, to be discussed later), a dc-bias voltage v b =V P is applied to the conductive beam, while an ac excitation signal v e =V i cosω i t is applied to the underlying electrode. In this configuration, a dominant force component is generated at ω i , which drives the beam into mechanical resonance when ω i =ω o , creating a dc-biased (via V P ) time-varying capacitance between the electrode and resonator, and sourcing an output current i o =V P (∂C/∂x)(∂x/∂t), as shown in Fig. 1 . When plotted versus the frequency of v i , i o traces out a bandpass biquad characteristic with a Q~10,000 in vacuum (c.f., Fig. 2 [14] )-very suitable for reference oscillators. 
The resonance frequency f o of a mechanical resonator, such as the clamped-clamped beam of Fig. 1 , is governed by both material properties (e.g., Young's modulus, density) and geometry (e.g., length, thickness). For the clamped-clamped beam of Fig. 1 , the expression for resonance frequency can be written as (ignoring stress and finite width effects) [14] (2)
where k r and m r are the effective stiffness and mass of the beam at a given location; E and ρ are the Young's modulus and density of the structural material, respectively; L r is specified in Fig. 1 ; and h eff is an effective thickness that models the influence of surface topography on the beam in actual implementations, [14] , [15] ; and the function g models the action of a dc-bias dependent electrical stiffness that adds to mechanical stiffness of the beam, allowing some voltage-control of its frequency. From (2), geometry clearly plays a major role in setting the resonance frequency, and in practice, attaining a specified frequency amounts to CAD layout of the proper dimensions. In general, the resonance frequency of a mechanical resonator increases as its dimensions shrink (e.g., as the length of the beam in Fig. 1  decreases) -thus, the utility of micro-or nano-scale mechanical resonators for VHF to UHF communication applications.
Although impressive at HF, the clamped-clamped beam device of Fig. 2 begins to lose a substantial fraction of its internal energy to the substrate at frequencies past 30 MHz, and this limits the attainable Q at VHF. One approach to retain high Q as frequencies go beyond 30 MHz is to miniaturize the resonator to the submicron or nano-scale, where its stiffness can be restrained to smaller values so as to reduce energy radiation into the substrate via anchors. Although used successfully to attain mid-VHF frequencies [16] , this approach sacrifices the power handling capability (or dynamic range) of the device, possibly rendering it unusable for communications applications where co-site interference is a problem [14] , [18] , [19] . To retain Q's around 8,000 at VHF while also maintaining a high stiffness for sufficient power handling ability, a beam with free-free ends can be used, such as shown in Fig. 3 , in which additional mechanical circuit complexity is added to allow free-free operation, and to reduce anchor losses to the substrate [20] . Via proper support beam design, anchor losses can be greatly attenuated in this structure, and Q's on the order of 8,000 are attained even at 92 MHz. Even higher frequencies in the GHz range should be attainable by either scaling the dimensions of the device in Fig. 3 , or by using a higher mode of resonance. For example, a 3.09 µm-long, 4 µm-wide, 1 µm-thick free-free Figure 2 . SEM of an 8.5 MHz clamped-clamped beam µmechanical resonator with a typical measured spectrum [14] . 
beam operating in a third-mode of resonance would be expected to vibrate at 1.8 GHz. Thus, nanoscale dimensions are probably not even needed for frequencies past 1 GHz.
Despite this, there are still lingering concerns associated with scaling these devices, even if only to the above micro-scale dimensions. In particular, excessive scaling of such devices may increase their susceptibility to "scaling-induced" noise mechanisms, such as contaminant adsorption-desorption noise or thermal fluctuation noise, both of which become increasingly important as dimensions shrink [17] . In addition, excessive scaling can also compromise the power handling capability of these devices [18] , making them unsuitable for duplexer or ultra-low phase noise oscillator applications.
With the intent of suppressing the above "scaling-induced" performance limitations, µmechanical disk resonators using extensional rather than flexural modes of vibration have been recently demonstrated [21] . Figure 4 [22] , presents the SEM and measured frequency spectrum for a radial contour mode micromechanical disk resonator that attains a second-mode frequency of 733 MHz with a Q of 7,330 in vacuum, and 6,100 in air (i.e., at atmospheric pressure), while still retaining relatively large dimensions. This device consists of a 20µm-diameter, 2µm-thick polysilicon disk suspended by a stem self-aligned to be exactly at its center, all enclosed by polysilicon electrodes spaced 800Å from the disk perimeter. When vibrating in its radial contour mode, the disk expands and contracts around its perimeter in what effectively amounts to a high stiffness, high energy, extensional-like mode. Since the center of the disk corresponds to a node location for the radial contour vibration mode shape, anchor losses Figure 3 . SEM and measured frequency characteristic for a 92 MHz free-free beam polysilicon µmechanical resonator [20] .
Figure 4. SEM of a fabricated 733 MHz contour-mode disk µmechanical resonator with a measured frequency characteristic [22] .
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Output Electrode Stem Disk Electrode DC-Bias R = 10 µm through the supporting stem are greatly suppressed, allowing this design to retain a very high Q even at this UHF frequency. In addition, the high stiffness of its radial contour mode gives this resonator a much larger total (kinetic) energy during vibration than exhibited by previous resonators, making it less susceptible to energy losses arising from viscous gas damping, hence, allowing it to retain Q's >6,000 even at atmospheric pressure. This single resonator not only achieves a frequency applicable to the RF front ends of many commercial wireless devices, it also removes the requirement for vacuum to achieve high Q, which should greatly lower the cost of this technology.
Micromechanical Filters
Among the more useful µmechanical circuits for communications are those implementing low-loss bandpass filters. Figure 5 (a) presents the SEM of a two-resonator 68 MHz µmechanical filter, comprised of three mechanical links interconnected in a network designed to yield the bandpass spectrum shown in Fig. 5(b) . The design of this filter has been covered extensively in previous literature [14] . For the present purposes, however, the operation of this filter can be deduced from its equivalent circuit, shown in Fig. 5(c) . Here, each of the outside links serve as capacitively transduced µmechanical resonators with equivalent circuits based on LCR networks. The connecting link actually operates as an acoustic transmission line, and thus, can be modeled by a T-network of energy storage elements. When combined together into the circuit of Fig. 5(c) , these elements provide a more selective filtering function, with sharper roll-offs and increased stopband rejection over single resonator devices.
Note that Fig. 5 depicts a relatively simple mechanical circuit. Using more complicated interconnections with a larger number of beam elements and I/O ports, a wide variety of signal processing transfer functions can be realized, with even wider application ranges.
Micromechanical Mixer-Filters
As indicated by (1), the voltage-to-force transducer of Fig. 1 is nonlinear, relating input force F d to Fig. 6 ), an effective mixer-filter device results that provides both mixing and filtering in one passive, µmechanical device [25] . Since µmechanical circuits exhibit low-loss and consume virtually no dc power, such a device can greatly reduce the power consumption in transceivers, as will soon be seen.
Micromechanical Switches
The mixer-filter device described above is one example of a µmechanical circuit that harnesses nonlinear device properties to provide a useful function. Another very useful mode of operation that further utilizes the nonlinear nature of the device is the µmechanical switch. Figure 7 presents an operational schematic for a single-pole, single-throw µmechanical switch, seen to have a structure very similar to that of the previous resonator devices: a conductive beam or membrane suspended above an actuating electrode [26] . The operation of the switch of Fig. 7 is fairly simple: To achieve the "onstate", apply a sufficiently large voltage across the beam and electrode to pull the beam down and short it (in either a dc or ac fashion) to the electrode.
In general, to minimize insertion loss, the majority of switches use metals as their structural materials. It is their metal construction that makes µmechanical switches so attractive, allowing them to Figure 6 . Schematic diagram of a µmechanical mixer-filter, depicting the bias and excitation scheme needed for down-conversion, and showing its use within a receiver [25] . achieve "on-state" insertion losses down to 0.1 dB-much lower than FET transistor counterparts, which often exhibit ~2 dB of insertion loss. In addition to exhibiting such low insertion loss, µmechan-ical switches are extremely linear, with IIP3's greater than 66 dBm [1] , and can be designed to consume no dc power (as opposed to FET switches, which sink a finite current when activated).
MEMS-BASED TRANSCEIVER ARCHITECTURES
Perhaps the most direct way to harness µmechanical circuits is via direct replacement of the offchip ceramic, SAW, and crystal resonators used in RF preselect and image reject filters, IF channelselect filters, and crystal oscillator references in conventional super-heterodyne architectures. In addition, µmechanical switches can be used to replace FET T/R switches to greatly reduce wasted power in transmit mode (by as much as 280mW if the desired output power is 500mW). Furthermore, medium-Q micromachined inductors and tunable capacitors [1] , [27] , [28] can be used in VCO's and matching networks for further miniaturization.
Although beneficial, the performance gains afforded by mere direct replacement by MEMS are quite limited when compared to more aggressive uses of MEMS technology. To fully harness the advantages of µmechanical circuits, one must first recognize that due to their micro-scale size and zero dc power consumption, µmechanical circuits offer the same system complexity advantages over offchip discrete components that planar IC circuits offer over discrete transistor circuits. Thus, to maximize performance gains, µmechanical circuits should be utilized in large numbers. Figure 8 presents the system-level block diagram for a possible transceiver front-end architecture 
Up-Conversion
Highly Efficient PA that takes full advantage of the complexity achievable via µmechanical circuits [9] , [10] . The main driving force behind this architecture is power reduction, attained in several of the blocks by replacing active components by low-loss passive µmechanical ones, and by trading power for high selectivity (i.e., high-Q). Among the key performance enhancing features are: (1) an RF channel selector comprised of a bank of switchable µmechanical filters, offering multi-band reconfigurability, receive power savings via relaxed dynamic range requirements [19] , and transmit power savings by allowing the use of a more efficient power amplifier; (2) use of a passive µmechanical mixer-filter to replace the active mixer normally used, with obvious power savings; (3) a VCO referenced to a switchable bank of µmechanical resonators, capable of operating without the need for locking to a lower frequency reference, hence, with orders of magnitude lower power consumption than present-day synthesizers; (4) use of a µmechanical T/R switch, with already described power savings in transmit-mode; and (5) use of µmechanical resonator and switch components around the power amplifier to enhance its efficiency.
Although already quite aggressive, the architecture of Fig. 8 may still not represent the best power savings afforded by MEMS. In fact, even more power savings than in Fig. 8 are possible if the high-Q µmechanical circuits in the signal path can post such low losses that the RF LNA (normally required to boost the received signal against losses and noise from subsequent stages) may in fact no longer be needed. Rather, the RF LNA can be removed, and the needed gain to baseband provided instead by an IF LNA that consumes much less power since it operates at the much lower IF frequency. Without the RF LNA or transistor mixer, the receiver front-end architecture reduces to an all-MEMS topology, such as shown in Fig. 9 . Here, since the absence of RF transistor circuits removes dynamic range concerns, the channel-selecting filter bank of Fig. 8 has been converted to a mixer-filter bank and moved down to the IF frequency, where it might be easier to implement, and where it allows the use of a single-frequency RF local oscillator (LO) to down-convert from RF to IF. Since the RF LO is now a single frequency oscillator, power hungry phase-locking and pre-scaling electronics are not needed, allowing similar power advantages as for the VCO in the architecture of Fig. 8 . In fact, the architecture of Fig. 9 attains all the power advantages of that of Fig. 8 , plus additional power savings due to the lack of an LNA. It, however, does so at the cost of a slightly higher overall noise figure and decreased robustness against hostile (i.e., jamming) interferers.
CIRCUITS/MEMS MERGING TECHNOLOGIES
Although a two-chip solution that combines a MEMS chip with a transistor chip can certainly be used to interface µmechanical circuits with transistor circuits, such an approach becomes less practical as the number of µmechanical components increases. For instance, practical implementations of the switchable filter bank in Fig. 8 require multiplexing support electronics that must interconnect with each µmechanical device. If implemented using a two-chip approach, the number of chip-to-chip bonds required could become quite cumbersome, making a single-chip solution desirable.
In the pursuit of single-chip systems, several technologies that merge micromachining processes with those for integrated circuits have been developed and implemented over the past several years [2] - [8] . Figure 10 presents the cross-section and overhead SEM of one such technology that combined CMOS transistor circuits and polysilicon surface micromachined structures in a fully planar, modular fashion, where transistor and MEMS fabrication steps were separated into modules, and no intermixing of process steps from each process was permitted [4] , [12] . Such modular processes are advantageous, because they allow the greatest flexibility when changes are made to either the transistor or MEMS process steps. (It should be noted that none of the existing fully planar approaches, including the MICS process of Fig. 10 , are truly modular, since each requires some degree of sacrifice in either the MEMS or the transistor modules, or both. For example, to circumvent metal-related temperature ceiling limitations when depositing the polysilicon micromechanical material in Fig. 10 , the MICS process used tungsten metallization, rather than aluminum. A more modern version of MICS now allows the use of aluminum metallization, but at the cost of replacing polysilicon with SiGe as the micromechanical material, making high frequency mechanical resonator design more difficult [5] .)
In addition to fully planar integration methods, bonding processes, in which circuits and µmechan-ics are merged by bonding one onto the wafer of the other, are presently undergoing a resurgence [29] . In particular, the advent of more sophisticated aligner-bonder instruments are now making possible much smaller bond pad sizes, which soon may enable wafer-level bonding with bond pad sizes small enough to compete with fully planar processed merging strategies in interface capacitance values. If the bond capacitance can indeed be lowered to this level with acceptable bonding yields, this technology may well be the ultimate in modularity, since it allows the combination of virtually any micromechanical device (e.g., even those made in diamond [30] ) with any transistor integrated circuit technology. Figure 11 presents the cross-section of a recently demonstrated process that combines micromechanics with transistor circuits using a microplatform bond and transfer approach [8] . In this process, micromechanics are first fabricated onto microplatforms, which are themselves released and suspended over their "MEMS carrier" wafer by temporary tethers. The suspended microplatforms are then flipped and bonded to receiving bond pads on a transistor wafer, then physically torn from the MEMS carrier wafer by breaking the suspending tethers. This bonded platform technology allows lowcapacitance, "single-chip", merging of MEMS and transistors with several key advantages: (1) It is truly modular, requiring no compromises in either the MEMS or transistor modules; (2) It attempts to Figure 10 . (a) Cross-section of the MICS process [4] .
(b) Overhead-view of a fully integrated µmechanical resonator oscillator fabricated using MICS [12] . minimize Q-degrading anchor losses experienced by previous bonding-based methods [29] by bonding platforms housing resonators, instead of directly bonding the anchors of resonators; and (3) It constitutes not only a wafer-scale batch approach, but also a repeatable approach, where a step-and-repeat procedure can be used to allow a single MEMS wafer to service several transistor wafers. From a broader perspective, the integration techniques discussed above are really methods for achieving low capacitance packaging of microelectromechanical systems. As mentioned in Section 2, there is another level of packaging often required to attain high Q in some vibrating µmechanical resonators: vacuum encapsulation. Although the disk resonator of Fig. 4 proves that the requirement for vacuum does not apply to all vibrating µmechanical resonators (particularly not to those with high stiffness), the requirement for encapsulation is nearly universal for all of the µmechanical devices discussed in this paper, and for virtually all micromechanical devices in general. In particular, some protection from the environment is necessary, even if only to prevent contamination by particles (or even by molecules), or to isolate the device from electric fields or feedthrough currents. Needless to say, wafer-level encapsulation is presently the subject of intense research [31] , [32] .
CONCLUSIONS
Micromechanical circuits attained via MEMS technologies have been described that can potentially play a key role in removing the board-level packaging requirements that currently constrain the size of communication transceivers. In addition, by combining the strengths of integrated µmechanical and transistor circuits, using both in massive quantities, previously unachievable functions become possible that may soon enable alternative transceiver architectures with substantial performance gains, especially from a power perspective. However, before generating too much enthusiasm, it should be understood that RF MEMS technology is still in its infancy, and much research is needed (e.g., on frequency extension, trimming methods, hermetic encapsulation, and much more) before fully-integrated RF MEMS systems can become a reality.
